Many bacterial species exhibit strong linkage disequilibrium of their chromosomal genes, which apparently indicates restricted recombination between alleles at different loci. The extent to which restricted recombination reflects limited migration between geographically isolated populations versus infrequent mixis of genotypes within populations is more difficult to determine. We examined the genetic structure of Rhizobium kguminosarum biovar phaseoli populations associated with wild and cultivated beans (Phaseolus spp.) over several spatial scales, ranging from individual host plants to throughout the Western Hemisphere. We observed significant linkage disequilibrium at scales at least as small as a cultivated plot. However, the amount of disequilibrium was much greater among isolates collected throughout the Western Hemisphere than among isolates from one area of Mexico, even when disequilibrium was quantified using an index that scales for allelic diversity. This finding suggests that limited migration between populations contributes substantially to linkage disequilibrium in Rhizobium. We also compared the genetic structure for R. leguminosarum bv. phaseoli taken from a cultivated plot with that for Escherichia colt obtained from one human host in an earlier study. Even at this frne scale, linkage disequilibrium in E. coil was very near the theoretical maximum level, whereas it was much less extreme in the local population of Rhizobium. Thus, the genetic structure for R. leguminosarum bv. phaseoli does not exclude the possibility of frequent mixis within local populations.
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Although bacteria reproduce asexually, the processes of conjugation, transduction, and transformation allow the transfer of chromosomal genes among otherwise clonal lineages (1) . Despite the existence of these mechanisms, those bacterial species that have been studied typically exhibit strong linkage disequilibrium (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) , which apparently indicates restricted recombination between alleles at different loci. [In principle, selection for epistatic combinations of alleles at different loci can maintain linkage disequilibrium in the face of frequent recombination, but such situations are believed to be uncommon (2, 5, 13) .] Linkage disequilibrium has also been found in several species of parasitic protozoa (17) (18) (19) .
Additional information is necessary to discern whether linkage disequilibrium reflects infrequent mixis of genotypes within local populations or whether it results instead from limited migration (i.e., gene flow) between geographically isolated populations. For Escherichia coli, the inference that the observed disequilibrium reflects infrequent mixis within local populations is supported by the finding that geographic variation accounts for only a small fraction of the observed genetic diversity (5) . Moreover, certain multilocus genotypes are widely distributed and persist stably for several decades (6, 10) . [Even so, analyses of DNA sequence data from different genes in E. coli yield different phylogenies, which suggests some mixis between otherwise clonal lineages over much longer intervals (20) .] In many other bacterial species that have been studied, however, the possible role of geographical isolation in promoting linkage disequilibrium has received less attention.
Also, most studies of the genetic structure of bacterial populations have been concerned with pathogens and commensals of animals. The effective isolation of genotypes in different individual hosts could be important in maintaining linkage disequilibrium, especially if the ecological processes governing colonization are such that mixed infections are relatively uncommon. In these circumstances, recombination might frequently occur but go undetected because, in the absence of genetic variation, mixis leaves no signature. Therefore, it is of interest to know whether similar levels of linkage disequilibrium exist in bacterial species that are free-living or associated with plants.
Toward these ends, we have analyzed the population genetic structure ofRhizobium leguminosarum biovarphaseoli, which lives in the soil as well as in nodules of wild and cultivated beans (Phaseolus spp.), where it fixes nitrogen. Host specificity in Rhizobium is determined by symbiotic plasmids, some of which are self-transmissible (21) (22) (23) . Rhizobium species, like most other bacteria, are also infected by bacteriophages (24, 25) , and these extrachromosomal elements may serve as vehicles for the exchange of chromosomal genes (26) . [Rhizobium species can also be transformed in the laboratory (27) , but we are unaware ofany evidence for transformation under natural conditions in this genus.] Thus, there exists the potential for plasmid-and phage-mediated exchange of chromosomal genes in Rhizobium, but the extent to which this actually occurs in natural populations is much less clear. Pinero et al. (14) found very high chromosomal genetic diversity among isolates of R. leguminosarum bv. phaseoli collected throughout the Western Hemisphere, and they also observed significant linkage disequilibrium at this geographical scale. However, Young (9) Multilocus Enzyme Electrophoresis. All 276 bacterial isolates were characterized by starch-gel electrophoresis for enzymes encoded by nine polymorphic loci. Lysates were obtained for cultures derived from single colonies using the methods described by Pifiero et al. (14) . The procedures for starch-gel electrophoresis were those described by Selander et al. (29) (30, 31) . The absolute value of the standardized coefficient, jD'j, ranges from 0, at linkage equilibrium, to 1, when one or two of the four possible two-locus haploid genotypes are completely absent.
A particularly useful index to describe multilocus linkage disequilibrium in haploid populations is based on the distribution of allelic mismatches between pairs of isolates over all loci (3, 4, 14, 32, 33 For a sample of n isolates, we calculate the observed mean and variance in the number of mismatches using the n(n -1)/2 pairs of isolates. The mean number of mismatches, for a given set ofloci, provides a measure of allelic diversity. The ratio of the variance in mismatches observed for a particular sample, V0, to the expected variance in a corresponding population at linkage equilibrium, V., provides a measure of multilocus linkage disequilibrium in which the denominator scales for the effects of the single-locus genetic diversities (32) row A). Ten or more isolates were obtained from each of six plants (Table 2) , which accounted for almost half of the within-plant comparisons. The Monte Carlo procedure gave significant deviations of observed and expected variances in two of these cases (P < 0.05, based on 10,000 iterations for each), and Fisher's method for combining probabilities from independent tests of significance (34) rejected the null hypothesis of linkage equilibrium over all six cases combined (P < 0.05). Hence, we conclude that there may exist significant linkage disequilibrium even among isolates ofR. leguminosarum bv. phaseoli obtained from the same host plant.
Note that the mean number of allelic mismatches (X), which measures genetic diversity, increases with the spatial scale ( Table 1 ). But at these relatively fine scales, there is no apparent trend in the ratio VO/V., which reflects the extent of linkage disequilibrium. (The associated P values become progressively smaller due to the increased statistical power associated with larger sample sizes and greater genetic diversity.)
We also compared the 276 isolates of R. leguminosarum bv. phaseoli collected in the state of Morelos, Mexico, with 51 isolates obtained from throughout the Western Hemisphere and characterized genetically by Pifiero et al. (14) using similar methods (Table 3) . Because the number of mismatches and the ratio Vo/V, depend on the number ofloci scored (32), our comparison uses only those six loci that were surveyed in both studies. The proportion of mismatches was 38% (2.30/6) for pairs of isolates collected in the state of Morelos but increased to 69o (4.15/6) for pairs of isolates obtained from throughout the Western Hemisphere. The ratios of VO/Ve for the samples from the state of Morelos and throughout the Western Hemisphere were 1.23 and 2.36, respectively. To determine if the difference in these ratios was statistically significant, we performed a "bootstrap" test (36) . In this test, the two actual samples were treated as statistical populations, and 1000 new samples (each one ofthe same size as the original sample) were drawn with replacement from the two populations. The ratio of VO/V_ was then calculated for each of the new samples in order to generate the approximate sampling distributions of this ratio for the two different geographical scales. There was no overlap whatsoever in these sampling distributions, thus indicating that the difference in linkage disequilibrium between these two geographical scales is highly significant (P < 0.001).
Two of the 51 isolates identified by Pinero et al. (14) as R. leguminosarum bv. phaseoli have recently been proposed for inclusion in a new species, R. tropici (35) . Excluding these two isolates from the analysis has only a slight effect on the ratio of Vo/Ve, which decreases from 2.36 to 2.30 (Table 3) .
Furthermore, a repetition of the bootstrap test described above, but using the reduced set of isolates from throughout the Western Hemisphere, still gives no overlap in the sampling distributions of Vo/Ve at the two geographic scales (P < 0.001). This result confirms that linkage disequilibrium among genotypes from throughout the Western Hemisphere is much greater than among genotypes from the several populations in Morelos, Mexico.
DISCUSSION
Nitrogen-fixing bacteria such as Rhizobium have tremendous agricultural value, and hence they will be subject to many efforts for improvement by genetic engineering. Therefore, it is of interest to understand the population genetic structure of these species in nature. The extent to which these species comprise a relatively few geographically widespread genotypes, as opposed to more numerous indigenous and locally adapted genotypes, is important for choosing strains for genetic modification so as to increase their efficacy. Also, the extent to which genetic exchange occurs within local populations and the extent of migration between populations are important considerations from the standpoint of evaluating the potential spread of introduced genetic modifications (37) .
Our results demonstrate significant linkage disequilibrium among isolates of R. leguminosarum bv. phaseoli from the same cultivated plot and even from the same individual host plant. Linkage disequilibrium provides strong evidence for restricted genetic recombination, although the possibility that selection for epistatic combinations of alleles might maintain linkage disequilibrium in the face of frequent recombination cannot be excluded. This evidence for restricted recombination at such fine geographical scales was possible tProbability of rejecting by chance alone the null hypothesis that VO = V,. *Using all 276 isolates included in Table 1 , but using only the six loci also scored in Pifiero et al. (14) . §Using all 51 isolates included in Piniero et al. (14) , but using only the six loci also scored in this study; these isolates were obtained from the continental United States (n = 2), Hawaii (n = 1), Mexico (n = 37, including 5, 9, 5, 10, and 8 from the states of Guanajuato, Hidalgo, Jalisco, Morelos, and Peubla, respectively), Belize (n = 1), Columbia (n = 5), and Brazil (n = 5).
lExcluding two isolates included in Pifiero et al. (14) that have recently been described as a new species, Rhizobium tropici (35) .
only because there existed substantial genetic variation at these scales, since recombination in the absence of such variation leaves no signature. But, on closer inspection, our results indicate that geographic separation contributes substantially to the observed linkage disequilibrium (even though we used an index, V./ V,, that adjusts for the effect of allelic diversity). We also observed that allelic diversity itself tended to increase with geographic scale. These findings suggest that effective migration between geographically distant populations of this species may be limited and they are consistent with the observations of Pifiero et al. (14) , who rarely collected identical electrophoretic genotypes and never at very distant sites. If restricted migration between populations is indeed a major cause of linkage disequilibrium in R. leguminosarum bv. phaseoli, then this leaves open the possibility of more frequent genetic recombination within local populations.
Comparison with the Population Structure of E. coli. The evidence for restricted migration between local populations of R. leguminosarum bv. phaseoli contrasts markedly with the situation that has been documented in E. coli. The same multilocus electrophoretic genotypes of E. coli are overrepresented in widely distant regions of the world, and rates of migration for this species have been inferred to be sufficient to prevent substantial geographical divergence in allele frequencies (2, 4, 5, 13) . For E. coli, it appears that linkage disequilibrium is due primarily to limited recombination among otherwise clonal lineages rather than to restricted migration.
Further evidence for limited recombination within E. coli populations is that linkage disequilibrium coefficients are not only statistically significant but are also near their theoretical maxima given observed allele frequencies (i.e., ID'I 1), even when the sample is geographically restricted (3, 31 (1992) genetic diversity among isolates from throughout the Western Hemisphere as well as the fact that host-range specificity in Rhizobium (which is used to define biovars) is determined by horizontally transmissible plasmids. They called for a reclassification of the genus based on variation in chromosomal genes, which would better reflect evolutionary descent. The evidence that we have presented here suggests that patterns of chromosomal variation in Rhizobium may be reticulate rather than strictly clonal. Such reticulation may be useful in defining nonarbitrary boundaries between species; Dykhuizen and Green (20) have recently proposed operationally defining bacterial species on the basis of evidence for recombination of chromosomal genes. In particular, they propose that (20) "The phylogeny of different genes from individuals of the same species should be significantly different, whereas the phylogeny of genes from individuals of different species should not be significantly different." This criterion is attractive in that it reflects the notion of a shared gene pool within-but not between-species, and hence it conforms to the biological species concept (41) .
